Abstract: The objective of this study was to investigate spontaneous changes in the mandibular intermolar widths concurrent with protraction facemask treatment combined with slow maxillary expansion in skeletal Class III children, and to evaluate whether slow expansion has favorable effects on maxillary protraction. Twenty-three patients were divided into expansion and non-expansion groups. The expansion group comprised 11 children (mean age, 6.9 ± 1.0 years) who underwent protraction facemask treatment combined with slow maxillary expansion. The non-expansion group consisted of 12 children (mean age, 7.8 ± 1.1 years) who underwent protraction only. Dental casts and lateral cephalograms obtained before and after protraction were used to analyze occlusal and skeletal changes during approximately 1 year of treatment. The expansion group showed significantly larger increments than the non-expansion group in all mandibular intermolar measures (P < .01). No significant differences in skeletal changes were seen for any cephalometric measures between groups. In conclusion, spontaneous increases in mandibular intermolar widths were found during maxillary protraction combined with slow expansion treatment. No favorable skeletal effects of slow expansion on protraction were confirmed.
Introduction
Maxillary expansion appliances have been widely used to treat maxillary arch constriction. Many studies have reported increases in the transverse width of the maxillary dental arch by rapid maxillary expansion as a result of combined skeletal and dentoalveolar expansion [1] [2] [3] [4] . Several studies have investigated changes in the mandibular dental arch concurrent with rapid maxillary expansion, and increases in the mandibular arch width in response to maxillary expansion have been reported 1, 2, [5] [6] [7] .
However, some investigators have observed inconsistent or only very slight changes in the mandibular dental arch, concurrent with rapid maxillary expansion 3, 8, 9) . As such, spontaneous expansion of the mandibular dental arch accompanying maxillary expansion remains controversial.
A protraction facemask combined with a maxillary expansion appliance has been used for the treatment of Class III malocclusion with maxillary deficiency anteroposteriorly and transversely 10) .
Cephalometric studies have shown skeletal and dental changes due to combined maxillary protraction and expansion treatment [11] [12] [13] [14] . Some authors have reported favorable effects of rapid maxillary expansion on maxillary protraction 2, 10, 11, 15) by disarticulating circum-maxillary sutures around the maxilla 2, 10, 16) . However, the mechanisms by which slow maxillary expansion acts on maxillary protraction are unknown. In addition, very few studies have reported changes in the mandibular dental arch accompanying combined maxillary protraction and expansion treatment 17) . The objective of this study was to investigate spontaneous changes in mandibular dental arch widths concurrent with protraction facemask treatment combined with slow maxillary expansion in early mixed dentition patients with skeletal Class III malocclusions, and to evaluate whether slow expansion has favorable effects on maxillary protraction. selected for this study among 181 patients who started Class III treatment using a protraction facemask at the Orthodontic Clinic of Fukuoka Dental College Hospital from 2010 to 2014. Subjects met the following criteria: no congenital malformations; Hellman dental age stages of IIC or IIIA; initial ossification of the hook of the hamate absent on pretreatment hand and wrist radiographs; presence of first and second deciduous molars in the maxillary and mandibular dentition at the start and end of protraction facemask therapy; and no use of other orthodontic appliances during protraction with or without maxillary expansion. Among these 23 subjects, 11 (2 male, 9 female) underwent maxillary dental arch expansion during protraction treatment (expansion group), while the other 12 subjects (3 male, 9 female) underwent maxillary protraction only (non-expansion group).
The protocol for maxillary protraction was the same in both groups. The intraoral appliance was an acrylic plate that was fixed by bands placed on second deciduous molars or first molars, depending on the eruption of the teeth. The buccal heavy wire soldered onto the bands was extended to the deciduous canine area, and hooks were formed. A protraction force of 300 g was applied to each side as the downward and forward pull of the maxilla. Patients were instructed to wear the facemask at least 12 h daily. For the expansion group, an expansion screw was mounted on the midline of the intraoral acrylic plate with lingual wires fitted along the gingival margin of the teeth anteriorly to the deciduous canines. During maxillary protraction, the screw was activated twice a week (0.25 mm per quarter-turn) for 2 months as a slow expansion procedure 18) . Maxillary protraction continued until a positive overjet of 3 mm had been achieved. The amount of maxillary expansion depended on the correction of uni-or bilateral posterior crossbite, or the gaining of sufficient space for permanent incisors.
Lateral cephalograms and dental casts were obtained before beginning maxillary protraction (T1) and immediately after maxillary protraction had finished (T2). Mean ages at T1 and T2 Dental cast and cephalometric analyses Fig. 1 shows dental cast measurements in this study. Maxillary and mandibular intermolar widths were directly measured on dental casts with digital calipers (Digital caliper point type D-150P; Niigata Seki Co., Niigata, Japan). For the first molar, each distance of the bilateral tips of the mesiobuccal, distobuccal, mesiolingual, and distolingual cusps was measured, and the mean of four cusp tip distances was calculated as the occlusal intermolar width.
Occlusal intermolar width at the second deciduous molar was obtained as the mean of 4 cusp tip distances in the maxilla and 5 cusp tip distances in the mandible. For the first deciduous molar, each distance of the bilateral tips of the buccal and lingual cusps was measured, and the mean was calculated as the occlusal intermolar width.
Fig . 2 shows the cephalometric variables used in this study. Eleven conventional angular measurements were performed.
Statistical analyses
Following statistical testing for the normal distribution of data by the Kolmogorov-Smirnov test and for homogeneity of variance by the F-test, differences in the dental cast and cephalometric measurements between T1 and T2 in the expansion and nonexpansion groups were evaluated using the paired t-test or Wilcoxon signed-rank test. Differences in T1-T2 changes in the dental cast and skeletal measurements between groups were evaluated using Student's t-test or the Mann-Whitney U test. The level of statistical significance was set at P < .05.
Method error
For error measurements, 10 subjects were randomly selected.
Dental cast measurements and cephalometric measurements at T1 and T2 were preformed twice at an interval of at least 4 weeks.
The combined error (S e ) and coefficient of reliability were calculated in accordance with the method of Houston 19) . S e was estimated using the formula S e 2 = d 2 /2n, where d is the difference between first and second measurements and n is the sample size.
The coefficient of reliability was estimated using the formula 1 -S e 2 /S t 2 , where S t is the total variance of the measurement. For all measurements on both dental casts and cephalograms, the coefficient of reliability was above 90% and was considered to be within acceptable limits (Tables 2 and 3) .
Results Tables 4 and 5 show the means and standard deviations of maxillary and mandibular intermolar widths at T1 and T2 in the expansion and non-expansion groups, respectively. Both groups showed significant increases in maxillary and mandibular intermolar widths on the first molar and deciduous molars during treatment (P < .05 or P < .01). Table 3 . Measurement errors for cephalometric measurements # Intermolar widths on the maxillary and mandibular first molar were measured in 10 cases depending on eruption of the teeth. intermolar widths in the two groups. For the maxillary dental arch, mean increments in intermolar widths were 3.5 mm on the first deciduous molar, 3.1 mm on the second deciduous molar, and 2.5 mm on the first molar in the expansion group, whereas in the non-expansion group, mean intermolar width increments were 1.0 mm, 0.7 mm, and 0.9 mm for the first and second deciduous molars and first molar, respectively. Significant differences were found in all maxillary intermolar measures between groups (P < .01).
For the mandibular dental arch, mean increments in intermolar widths were 2.3 mm on the first deciduous molar, 2.7 mm on the second deciduous molar, and 2.0 mm on the first molar in the expansion group, whereas mean intermolar width increments in the non-expansion group were 1.2 mm, 1.0 mm, and 0.9 mm from the first deciduous molar to the first molar, in that order. As found in the maxillary dental arch, the expansion group showed significantly larger increments in all mandibular intermolar measures than the non-expansion group (P < .01). Tables 7 and 8 show means and standard deviations of skeletal measurements at T1 and T2 in the expansion and non-expansion groups, respectively. In both groups, ANB angle, convexity, SNA angle, Y-axis, and Frankfort-mandibular plane angle were significantly increased, while SNB angle was significantly decreased during treatment (P < .05 or P < .01). In addition, the expansion group exhibited a significant decrease in ramus angle, whereas the non-expansion group exhibited significant decreases in SNP angle and palatal plane angle (P < .05). Comparisons of T1-T2 changes in skeletal measurements between expansion and non-expansion groups are shown in Table 9 . No significant differences in any measurements were seen between groups.
Discussion
Protraction facemasks have been used for the treatment of Class III malocclusion with maxillary deficiency. The incidence of Class III malocclusion is considered less than 5% in Caucasian populations 12, 14, [20] [21] [22] , while an incidence of 4-13% has been reported in Chinese and Japanese populations 12, 22, 23) . Gallagher et al. 14) stated that the clinical effects of protraction have been perhaps best studied among Japanese subjects, because of the higher incidence of Class III malocclusions. This study analyzed changes in dental arch width and skeletal changes during approximately 1 year of protraction facemask treatment in a combined cohort of male and female subjects. For changes in dental arch widths, some studies 24, 25) have shown similarities in increases of the dental arch width in the mixed dentition period for male and female subjects. For skeletal changes, Yamauchi and Matsuda 26) showed that sex differences in size and amount of growth of the maxilla and mandible are negligible from 6 to 11 years of age. Baccetti et al. 22) reported that most dentofacial parameters did not show significant sexual dimorphism in Class III malocclusion until 13 years old from their cephalometric study. Subjects were not distinguished by sex in our analysis of occlusal and skeletal changes in the early mixed dentition period.
In this study, the short-term changes in transverse widths in the maxillary and mandibular dental arches due to maxillary protraction with or without slow maxillary expansion were investigated. The expansion group showed significantly larger increases in maxillary and mandibular intermolar width than the non-expansion group (Table 6 ). The sample size was relatively small, but was considered acceptable from sample size estimation by retrospective power analyses for each variable.
The expansion group showed mean increments in mandibular intermolar widths of 2.3 mm, 2.7 mm, and 2.0 mm from the first deciduous molar to the first molar, in order. Ngan et al. 17) investigated occlusal changes during 6 months of maxillary protraction combined with rapid expansion treatment and showed increases in mandibular intermolar widths of 1.48 mm, 1.86 mm, and 2.28 mm, in response to the changes in maxillary intermolar widths of 2.6 mm, 2.1 mm, and 2.3 mm, from the first deciduous molar to the first molar, in that order. In comparison to the study by Ngan et al. 17) , changes in mandibular width at the deciduous molars seemed to be larger in our present study, likely due to differences in treatment duration and/or the amount of maxillary dental arch expansion. Other studies have shown short-term changes in intermolar width on the mandibular first molar in response to rapid maxillary expansion; a 3.3 mm increase was reported by Sandstrom et al. 5) , a 2.0-mm increase by Moussa et al. 6) , and a 0.97 mm increase by Lima et al. 7) . The results were variable, but the increase of 2.0 mm in this study was within the range of those reported previously.
Slow maxillary expansion alters the occlusal contact of the upper and lower teeth. When the maxillary teeth are positioned relatively buccally to the mandibular teeth, the palatal cusps of the maxillary teeth are liable to occlude with the lingual inclines of the buccal cusps of the mandibular teeth. These produce an occlusal force that facilitates buccal tipping of the mandibular teeth. As a result, mandibular intermolar widths increase. Some studies have reported that slow maxillary expansion can produce orthopedic effects on the maxilla and surrounding structures, separating the maxillary skeletal segments 27, 28) . However, whether slow maxillary expansion carries the buccal musculature laterally in a similar manner to rapid maxillary expansion 1, 5, 7) , thereby altering the muscular balance exerted on the mandibular dentition, has remained unclear. Changes in occlusal force rather than muscular balance seem to be the main contributors to the increases in transverse width of the mandibular dental arch.
Although the appliance exerted no expansion force on maxillary or mandibular dental arches, the non-expansion group showed significant increases in intermolar width (Tables 5 and  6 ). These changes occurred over approximately 1 year of treatment and can be compared with the data derived from longitudinal Sachio Tamaoki et al.: Protraction Facemask Ttreatment with Slow Maxillary Expansion studies of the developmental changes of the dental arch using dental casts. Barrow and White 29) reported that the widths of the maxillary and mandibular dental arches in the second primary molar region increased approximately 1.5 mm from 5 to 10 years old, which is an estimated 0.3 mm per year. Sillman 24) found an annual increase in molar width of about 0.5 mm in the maxilla and 0.2 mm in the mandible, from the stage where all deciduous teeth erupted to the stage where at least three second molars erupted. The changes in maxillary and mandibular intermolar widths found in the non-expansion group seem greater than the developmental changes revealed in these studies. Maxillary protraction alters the antero-posterior relationship of the maxillary and mandibular dental arches, and the transverse relationship can be changed at the same time. With forward displacement of the maxilla, the maxillary transverse width in relation to mandibular transverse width on the opposite portion is increased. This changes the occlusal contact of the upper and lower teeth, and occlusal force enhances buccal tipping of the mandibular teeth, as described above. Some studies have reported that the tongue is positioned more anteriorly due to increases in the volume of the oral cavity, resulting from increased maxillary forward growth due to the maxillary protraction 30, 31) . Changes in tongue position would alter the muscular balance on the maxillary dental arch. Ngan et al. 17) suggested that, with maxillary protraction and expansion therapy, increases in molar width may be related, in part, to antero-posterior changes from a Class III to a more Class I skeletal relationship. Maxillary protraction seems likely to influence dental arch widths through occlusal and muscular changes.
The skeletal changes shown in expansion and non-expansion groups were consistent with the results of previous studies on the effects of protraction [11] [12] [13] [14] [15] 32) . Both groups showed forward displacement of the maxilla and downward and backward rotation of the mandible, along with improvement of the antero-posterior jaw relationship. From a meta-analysis of protraction effects, Kim et al. 15) showed mean increases of 1.7° in the SNA and 2.8° in the ANB and a mean decrease of 1.2° in the SAB during treatment in 14 selected studies. These changes seem similar to those found in both groups in this study. Gallagher et al. 14) studied the skeletal changes in 22 children treated by maxillary protraction combined with slow expansion and showed treatment changes of 1.5° in ANB, 1.3° in SNA, and -0.2° in SNB. These changes seem somewhat smaller than those noted for the expansion group in the present study. This may be due to differences in subject ages and treatment duration.
No significant differences in any of the cephalometric changes were evident between the expansion and non-expansion groups.
No favorable effects of slow expansion on maxillary protraction were confirmed in the present study, although rapid maxillary expansion would result in more obvious skeletal effects due to protraction 2, 10, 11, 15) . Even though slow expansion produces separation of the maxillary segment in some regions 27, 28) , the effects might be more restricted than those seen with rapid maxillary expansion, which would disarticulate the sutures around the maxilla 2, 10, 16) . The present study focused on the short-term results of maxillary protraction combined with slow expansion. Future studies will need to undertake long-term evaluations of this treatment method.
In conclusion, significant increases in mandibular intermolar widths were found when using the protraction facemask combined with slow maxillary expansion. No favorable skeletal effects of slow maxillary expansion on maxillary protraction were confirmed.
